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Proteomics Analysis Identifies New Components
of the Fission and Budding Yeast
Anaphase-Promoting Complexes
identified genetically: Cut4p [8], Cut9p [9, 10], Lid1p/
Cut20p [11, 12], Nuc2p [13], Cut23p [12], Hcn1p [10],
and Apc10p [14] (Table 1). A search of the S. pombe
genome sequence data in the Sanger Center database
with S. cerevisiae and mammalian APC component se-
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3Departments of Microbiology and Immunology quences revealed the identity of three additional homo-
logs: Apc2p, Apc5p, and Apc11p, with ORF numbersVanderbilt University School of Medicine
Nashville, Tennessee 37232 SPBP23A10.04, SPAC959.09c, and SPAC343.03, re-
spectively (Table 1). Homologs of APC7 (vertebrate spe-
cific) and APC9 (S. cerevisiae specific) were not de-
tected. To determine if there were additional S. pombeSummary
APC components, the lid1 locus was modified to en-
code a Lid1p variant with a C-terminal tandem affinityThe anaphase-promoting complex (APC) is a con-
purification epitope (TAP) [15, 16]. The lid1-TAP strainserved multisubunit ubiquitin ligase required for the
(KGY3590) grew at a normal rate and was morphologi-degradation of key cell cycle regulators. Components
cally wild-type (data not shown). Following the two affin-of the APC have been identified through genetic
ity purification steps, the protein composition of a por-screens in both Schizosaccharomyces pombe and
tion of the TAP complex was examined by silver staining,Saccharomyces cerevisiae as well as through bio-
and multiple polypeptides were detected (Figure 1A).chemical purification coupled with mass spectromet-
The remainder of the TAP complex was analyzed byric protein identification. With these approaches, 11
DALPC tandem mass spectrometry [17, 18]. Proteinssubunits of the core S. cerevisiae APC have been iden-
that were also present in a mock TAP performed on atified. Here, we have applied a tandem affinity purifica-
strain lacking a tagged protein (Figure 1A and data nottion approach coupled with direct analysis of the puri-
shown) were subtracted as nonspecific contaminants.fied complexes by mass spectrometry (DALPC) to
In addition to previously recognized S. pombe APCreveal additional subunits of both the S. pombe and
components, three new proteins were identified in thisS. cerevisiae APCs. Our data increase the total number
approach (Table 1). These corresponded to hypotheti-of identified APC subunits to 13 in both yeasts and
cal open reading frames encoding putative proteins ofindicate that previous approaches were biased against
15.6 kDa, 12.1 kDa, and 16 kDa with ORF numbersthe identification of small subunits. These results un-
SPBC28E12.01c, SPAC27D7.05c, and SPBC83.04, re-derscore the power of direct analysis of protein com-
spectively. We have named these Apc13p, Apc14p, andplexes by mass spectrometry and set the foundation
Apc15p, respectively.for further functional and structural studies of the APC.
To verify that these proteins were bona fide APC com-
ponents, the loci encoding them were modified to pro-
Results and Discussion duce Apc13p-HA, Apc14p-myc, and Apc15p-myc.
These alleles were crossed into lid1-myc (KGY1336) or
The anaphase-promoting complex (APC) is an E3 ubiqui- cut9-HA (KGY1365) strains. In an anti-myc immunopre-
tin ligase that was first identified based on its role in cipitate from the lid1-myc apc13-HA strain (KGY3582),
facilitating the multiubiquitination of A- and B-type but not single-tagged strains (KGY1336 and KGY3398),
cyclins, thereby targeting them for proteasome-medi- both Lid1p-myc and Apc13p-HA were detected (Figure
ated destruction during mitosis (reviewed in [1–3]). While 1B), and, conversely, both Apc13p-HA and Lid1p-myc
M phase cyclins were the first targets known, other APC could be detected in an anti-HA immunoprecipitate (Fig-
target proteins have subsequently been identified, in- ure 1B). In Cut9p-HA immunoprecipitates from cut9-HA
cluding the securin Cut2p (homologous to S. cerevisiae apc14-myc (KGY3587) and cut9-HA apc15-myc
Pds1p), whose destruction is required for chromosome (KGY3665) strains, Apc14p-myc and Apc15p-myc were
segregation [4–6]. All known targets of the APC contain each detected and were absent from the single cut9-
a destruction box or KEN motif and are degraded during HA strain (Figures 1C and 1D). In reciprocal experiments,
mitosis and G1 phase [1, 3, 7]. anti-myc immunoprecipitates from the double-tagged
The APC is a multisubunit complex that has been strains contained Cut9p-HA (Figures 1C and 1D). We
conserved throughout evolution. While the majority of also tested whether these proteins associate with one
subunits are stably associated throughout the cell cycle, another. To this end, apc13-HA apc15-myc (KGY3735)
the addition of transiently expressed CDC20 protein and apc15-HA apc14-myc (KGY1611) strains were con-
family members and posttranslational modifications ac- structed. Anti-HA immunoprecipitates from these
tivate the APC during mitosis and G1 phases [1]. In S. strains contained Apc13p-HA and Apc15p-HA as ex-
cerevisiae and vertebrates, 11 core APC components pected and also contained Apc15p-myc and Apc14p-
have been identified through a combination of genetic myc, respectively (Figures 1E and 1F). In the reciprocal
and biochemical approaches (listed in [1, 3]). In S. experiment, anti-myc immunoprecipitates contained
pombe, seven core components of the APC have been both the myc-tagged components and Apc13p-HA and
Apc15p-HA (Figures 1E and 1F). Immunoprecipitates
from single-tagged strains showed the specificity of4Correspondence: kathy.gould@mcmail.vanderbilt.edu
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Figure 1. Novel Components of the S. pombe APC
(A) Silver-stained gels of a portion of the Lid1p-TAP and Apc13p-TAP complexes. The protein composition of a mock purification from wild-
type S. pombe (KGY246) was also examined.
(B–F) Anti-HA (left side of panels) or anti-myc (right side of panels) immunoprecipitates from the indicated strains were blotted with anti-HA
(upper panels) or anti-myc (lower panels) antibodies. (B–D) Nonspecific bands were detected in certain anti-HA immunoblots.
(G and H) The apc15-myc (KGY3660)- and apc13-HA lid1-myc (KGY3582)-tagged strains were synchronized in early G2 by centrifugal elutriation
and were then released into fresh medium. As cells progressed through the cell cycle, synchrony was monitored by determination of the
septation index at 15-min intervals. At the same intervals, samples were collected for determining the (G) abundance of Apc15p-myc by
immunoblotting and the (H) amount of Apc13p-HA and Lid1p-myc present in immunoprecipitates of Lid1p-myc by immunoblotting.
(I) Apc-TAP complexes display E3 ubiquitin (Ubn) ligase activity in vitro. The Lid1p-TAP and Apc13p-TAP complexes were purified from mts3-
1-arrested cells (KGY3654 and KGY1486) and were incubated in the presence () or absence () of the indicated components. After 90 min,
reactions were stopped with 2 SDS gel loading buffer and were separated by SDS-PAGE, and ubiquitin (Ub)-conjugated derivatives were
detected by immunoblotting with anti-Ub antibody. The E1 enzyme used was mouse His6-E1, the E2 enzyme used was human His6-Ubc4,
and the substrate used was HACdc2p-His6Cdc13p. Reactions shown in lanes 3 and 8 contained all components, except substrate was added
at the end rather than the beginning of the incubation.
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shown), did not display any abnormal phenotypes, andTable 1. TAP/DALPC Results
were not defective in meiosis or sporulation (data not
S. pombe (Sc) ORF Number MW (kDa) Ia IIa shown). However, the double mutant apc14 apc15
Cut4p (Apc1p) SPBC106.09 165 32 41 was temperature-sensitive for growth (Figure 2A), and
Apc2p (Apc2p) SPBP23A10.04 81 19 24 apc15 was synthetically lethal with cut4-553 (data not
Nuc2p (Cdc27p) SPAC17C9.01c 76 29 37 shown). Although no defects in meiosis or sporulation
Lid1p (Apc4p) SPAPJ698.04c 83 19 22 were detected in diploids homozygous for either dele-
Apc5p (Apc5p) SPAC959.09c 53 25 27
tion, on its own (data not shown), the apc14 apc15Cut9p (Cdc16p) SPAC6F12.15c 76 23 24
double homozygote displayed defects in these pro-Cut23p (Cdc23p) SPAC6F12.14 60 18 18
Apc10p (Doc1p) SPBC1A4.01 22 3 5 cesses at 25C. Chromosome segregation abnormalities
Apc11p (Apc11p) SPAC343.03 11 3 5 were detected in 30% of the mutant asci compared
Hcn1p (Cdc26p) SPAC23C11.12 9 3 4 to 2% in wild-type asci (see Figure 2B, left panel for
Apc13p SPBC28E12.01c 16 4 6 examples), and spore viability was reduced to 15% of
Apc14p SPAC27D7.05c 12 5 5
that observed in wild-type.Apc15p SPBC83.04 16 3 3
To examine the consequence of Apc13p, Apc14p, and
I. Lid1p-TAP purification. Apc15p loss to APC function, a conditional null allele of
II. Apc13p-TAP purification.
apc13 was constructed by placing it under control ofSc  S. cerevisiae homolog.
the thiamine-repressible nmt1-81 promoter [20] in thea Number of unique tryptic peptides identified from each protein by
apc13::ura4 mutant background. The resultant strainmass spectrometry.
was normal when grown in the absence of thiamine, but
depletion of apc13 upon addition of thiamine to the
these interactions (Figures 1B–1F). Next, the apc13 lo- medium led to cell death. These cells failed to segregate
cus was modified to encode Apc13p-TAP (KGY3591) to their DNA and displayed a phenotype similar to the phe-
determine the full range of its associated proteins. After notypes of lid1 [21] and cut4 [8] null alleles that included
purification, the Apc13-TAP complex was analyzed by a high percentage of elongated cells with undivided and
silver staining (Figure 1A) and mass spectrometry. The condensed chromosomes (Figure 2B, middle panel). The
same set of proteins was identified as with Lid1p-TAP apc14 apc15 double mutant strain shifted to 36C
(Table 1). We conclude that these three novel proteins displayed a cut phenotype (Figure 2B, right panel). This
are components of the S. pombe APC. phenotype is reminiscent of all previously described S.
Since these three proteins had not previously been pombe temperature-sensitive APC mutants [22].
described as APC components, we tested whether their The integrity of the APC complex in the absence of
abundance or association with other APC components these new components was examined by sucrose gradi-
was regulated during the cell cycle. All three proteins ent sedimentation by using the sedimentation of Lid1-
were present at constant levels throughout the cell cycle myc at 20S as an indicator of intact APC. When isolated
(Figure 1G and data not shown), and no evidence of cell from wild-type cells, Lid1p-myc sedimented in a peak
cycle-regulated association of any of them with Lid1p- at 20S as expected (Figure 2C, a). In contrast, Lid1p-
myc or Cut9p-HA was found (Figure 1H and data not myc was shifted primarily into smaller complexes when
shown). isolated from the apc13 conditional shut-off strain
Next, we asked whether Apc13p, as an example of grown in the presence of thiamine (Figure 2C, b) or from
the new components, was associated with the active apc14 apc15 shifted to 36C for 3 hr (Figure 2C, c).
form of the APC. To this end, Lid1p-TAP and Apc13p- These data indicate that the new components partici-
TAP complexes were tested for E3 ubiquitin ligase activ- pate in formation and/or maintenance of the APC.
ity in vitro. Because the APC is maximally active during To test whether Apc13p, Apc14p, and Apc15p are
mitosis, the TAP complexes were purified from strains required for the E3 ligase activity of the APC in vivo, we
arrested with the mts3-1 mutation. Mts3p is a compo- examined the ubiquitination of Cut2p, a known destruc-
nent of the 26S proteasome, and the mts3-1 mutation tion box-containing APC target. To detect ubiquitinated
causes an arrest at the metaphase-to-anaphase transi- Cut2p, we used a cut2-myc strain and a mutation in the
tion [19]. Both the Lid1p-TAP and Apc13p-TAP com- mts3 gene [19]. In the mts3-1 mutants, multiubiquiti-
plexes mediated the ubiquitination of purified Cdc2p- nated conjugates accumulate at the nonpermissive tem-
Cdc13p in an E1-, E2-, and ATP-specific manner (Figure perature because of their failure to become degraded.
1I). An unrelated TAP complex had no ubiquitin ligase Thus, Cut2p-myc would be expected to accumulate ubi-
activity in this assay (data not shown). quitin conjugates in the mts3-1 mutant, but only if the
To determine whether these new components were APC was active. To allow us to purify ubiquitin-conju-
essential for viability, each of the three ORFs was de- gated proteins, a His6-tagged version of ubiquitin was
leted by replacing it with the ura4 gene in a diploid. In expressed in wild-type, mts3-1, mts3-1 cut2-myc, mts3-1
the case of apc13, tetrad analysis of the correct hetero- cut2-myc apc13::ura4 leu1-32::nmt81apc13, and mts3-1
zygous diploids gave rise to two viable Ura colonies cut2-myc apc14 apc15 cells. Ubiquitinated proteins
and two unviable colonies, indicating that apc13 is were purified from extracts of these strains by using
essential. In the cases of apc14 and apc15, we recov- Ni2-NTA resin and were separated by SDS-PAGE. High
ered viable haploid Ura colonies and confirmed the levels of ubiquitinated proteins were detected in each
absence of apc14 and apc15 in these strains by PCR of the lysates, as expected (Figure 2D, lanes 1–3, 7, and
and Southern blotting. The apc14 and apc15 strains 8). Ubiquitinated Cut2p-myc was detected in the mts3-1
cut2-myc strain at the restrictive temperature (Figurewere not heat or cold sensitive (Figure 2A and data not
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Figure 2. Apc13p, Apc14p, and Apc15p Are Required for APC Function
(A) The KGY246, KGY3721, KGY3723, and KGY3977 strains with relevant genotypes indicated were streaked at 25C or 36C and were
incubated for 3 days.
(B) The apc14 apc15/apc14 apc15 diploid strain (KGY4032) was grown at 25C in rich medium and was shifted to low-nitrogen conditions,
also at 25C. Images of representative asci were captured after 18 hr. The apc13 conditional shut-off strain (KGY3592) after 16 hr in the
presence of thiamine (middle panel) and the apc14 apc15 strain (KGY3977) after 3 hr at 36C (right panel) were fixed and stained with DAPI
to visualize DNA and aniline blue to visualize septa.
(C) Lysates from lid1-myc (KGY1336), the conditional shut-off strain of apc13 producing Lid1p-myc grown in the presence of thiamine for 16
hr (KGY3657), and the apc14 apc15 lid1-myc strain (KGY849) shifted to 36C for 3 hr were resolved on a sucrose gradient. Fractions were
immunoblotted with 9E10 to detect Lid1p-myc. The peaks of thyroglobulin (19S) and catalase (11.3S) collected from parallel gradients are
indicated.
(D) Apc13p, Apc14p, and Apc15p are required for ubiquitination of Cut2p. His6-Ub was expressed from the nmt1 promoter for 22 hr at 25C
in mts3-1 cut2-myc (KGY1923) (lanes 1, 4, 7, and 9) and mts3-1 cut2-myc apc14 apc15 (KGY1863) (lanes 8 and 10) or from the adh1
promoter in apc13::ura4 leu1::nmt81apc13 mts3-1 cells (KGY3829) (lanes 2, 3, 5, and 6) grown in the absence (lanes 2 and 5) or presence
(lanes 3 and 6) of thiamine for 12 hr. All cells were shifted to 36C for 4 hr prior to lysis. His6-Ub conjugates were purified on Ni2-NTA columns
and were detected by immunoblotting with anti-Ub serum (lanes 1–3, 7, and 8) or antibodies to the myc epitope (lanes 4–6, 9, and 10).
2D, lanes 4 and 9). It was also observed in the apc13 and Apc15p are required for APC-mediated ubiquitina-
tion of Cut2p-myc.shut-off strain grown without thiamine (Figure 2D, lane
5). However, ubiquitination of Cut2p-myc was signifi- Having identified three previously unrecognized com-
ponents of the fission yeast APC, we asked whethercantly reduced in the absence of apc13 function (Figure
2D, lane 6) or in the apc14 apc15 strain at restrictive unidentified components of the S. cerevisiae APC ex-
isted. The APC4 locus was modified to encode a TAP-temperature (Figure 2D, lane 10). Thus, Apc13p, Apc14p,
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Figure 3. Novel Components of the S. cerevisiae APC
(A) Silver-stained gels of a portion of the S. cerevisiae Apc4p-TAP, Mnd2p-TAP, and Swm1p-TAP. The protein composition of a mock
purification from wild-type S. cerevisiae (KGY823) was also examined.
(B and C) Anti-HA (left side of panels) or anti-myc (right side of panels) immunoprecipitates from the indicated strains (KGY1455, KGY3804,
KGY3867, KGY3868, KGY3871, KGY3872) were blotted with anti-myc (upper panels) or anti-HA (lower panels) antibodies. A nonspecific band
was detected in the anti-HA immunoblot in (B) that migrates just faster than Swm1p-HA.
(D and E) The (D) APC4-myc SWM1-HA (KGY3804) and (E) APC4-HA MND2-myc (KGY1455) strains were treated with  factor, hydroxyurea
(HU), or nocodazole (noc), and protein lysates were immunoprecipitated with anti-HA or anti-myc antibodies. The immunoprecipitates were
then immunoblotted with the same antibodies. In (D), cell cycle blocks were confirmed by FACS analysis. In (E), the percentage of cells with
the morphology characteristic of the respective cell cycle arrest is indicated.
(F and G) The sequence relationships between (F) Apc13p, (G) Apc15p, and their homologs. The phylogenetic trees were constructed with
the ClustalW program [31]. Phylogenetic tree calculation was based on a sequence distance method and utilized the Neighbor Joining (NJ)
algorithm of Saitou and Nei [32]. The numbers above the lines indicate sequence distances. Sp  S. pombe; Sc  S. cerevisiae; Ca  Candida
albicans; Hs  Homo sapiens.
tagged variant, and the tandem affinity purification was identified by DALPC mass spectrometry. In addition to
identified APC subunits, we detected two previouslyperformed on the APC4-TAP strain (KGY3669). The pro-
tein composition of the TAP complex was visualized unrecognized components, Swm1p and Mnd1p (Table
2). Cdc20p and Hct1p were also detected in the Apc4p-by silver staining (Figure 3A), and the proteins were
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cerevisiae proteins are their closest relatives. It remainsTable 2. TAP/DALPC Result of S. cerevisiae
to be determined, however, whether these modestly re-
Component ORF Number MW (kDa) Ia IIa IIIa lated proteins are functionally equivalent. Proteins re-
Apc1p YNL172W 196 46 3 14 lated to S. pombe Apc13p and Apc15p were also de-
Apc2p YLR127C 100 26 0 3 tected in higher eukaryotes, and it will be interesting to
Cdc27p YBL084C 85 13 1 4 determine whether these relatives are components of
Apc4p YDR118W 75 18 2 8 the APC in their respective organisms. We did not detect
Apc5p YOR249C 79 20 0 5
any significant sequence similarity of S. pombe Apc14pCdc16p YKL022C 95 22 5 9
with any protein currently in the databases.Cdc23p YHR166C 79 14 2 6
Apc9p YLR102C 31 7 1 3 The MND2 gene is preferentially expressed during
Doc1p YGL240W 33 6 0 2 meiosis [24, 25], and the mnd2 strain is defective for
Apc11p YDL008W 19 5 1 1 meiosis I; cells are blocked prior to the formation of
Cdc26p YFR036W 14 5 1 1 chromosomal axes, an event that precedes recombina-
Swm1p YDR260C 19 6 3 4
tion and chromosome segregation [26]. The SWM1 geneMnd2p YIR025W 43 7 1 5
is also preferentially expressed during meiosis [24, 25,
I. Apc4p-TAP purification. 27] and is essential for spore formation [27]. The APC
II. Swm1p-TAP purification.
and special meiotic activators are required for variousIII. Mnd2p-TAP purification.
aspects of meiotic progression in yeasts (see [28–30]a Number of unique tryptic peptides identified from each protein by
as examples). Our data suggest that the essential rolesmass spectrometry.
of Mnd2p and Swm1p during meiosis reflect the require-
ment for APC-mediated proteolysis at these stages. It
TAP complex. The S. pombe homolog of Cdc20p, Slp1p, will be interesting to learn whether the differences in
was detected in the Lid1p-TAP complex only when it mnd2 and swm1 phenotypes reflect the role of these
was purified from cells arrested in mitosis (data not proteins in APC substrate selection. It is also clear from
shown). our work, however, that Swm1p and Mnd2p are present
To validate these results, the SWM1 and MND2 loci and likely have a role in the mitotic cell cycle.
were modified to encode epitope-tagged variants. The
epitope-tagged strains exhibited wild-type growth rates
Conclusionsand morphologies (data not shown). Double-tagged
In this study, we used TAP coupled with mass spectrom-strains were then constructed to test for coimmunopre-
etry to investigate the composition of the S. pombecipitation of the newly identified components with Sc
and S. cerevisiae APC complexes. We identified threeApc4p. Anti-HA immunoprecipitates from the APC4-HA
previously unrecognized components in S. pombe, twoMND2-myc and SWM1-HA APC4-myc strains contained
new components in S. cerevisiae, and we speculate thatboth the HA-tagged proteins as well as Mnd2p-myc and
additional vertebrate subunits will also be found. FourApc4p-myc (Figures 3B and 3C). Reciprocally, anti-myc
of the five new subunits are 20 kDa, and it is likelyimmunoprecipitates contained the myc-tagged proteins
that they were not retained or visualized on preparativeand also Apc4p-HA and Swm1p-HA, respectively (Fig-
gels used in previous analyses. The direct mass spectro-ures 3B and 3C). Control immunoprecipitations from
scopic analysis of TAP complexes performed here cir-single-tagged strains confirmed the specificity of the
cumvented this problem and has provided a more thor-associations (Figures 3B and 3C). Next, the MND2 and
ough picture of APC composition that should aid inSWM1 loci were modified to encode TAP-tagged vari-
understanding APC organization, structure, and regu-ants to determine the full range of their associated pro-
lation.teins. Following purification, mass spectrometric analy-
sis indicated that most APC components could be
Supplementary Materialidentified in the TAP complexes (Table 2). We conclude
Supplementary Material including Experimental Procedures, strainsthat Swm1p and Mnd2p are new S. cerevisiae APC com-
utilized in this study, and sequence alignments of Apc13p andponents, although Mnd2p in particular is likely to be
Apc15p with homologs is available at http://images.cellpress.com/
present in substoichiometric amounts. supmat/supmatin.htm.
Since these two proteins had not previously been de-
scribed as APC components, although Swm1p may rep-
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